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Abstract
Autonomous self-powered devices may use energy harvested from the environment. However, both the harvested power, and the 
demanded power are typically nonconstant and not matching. In order to enable a sustained energy efficient operation, an energy
storage device as buffer is needed. In general, electric energy can be directly stored in capacitors or through an electrochemical 
conversion in batteries, which provide a significantly higher specific energy. Numerous different battery chemistries are 
commercially available and differ significantly in their characteristics. The performance of different commercially available 
batteries was investigated and is discussed with respect to the needs of self-powered small scale devices. In particular, specific 
energy and power are typical conflicting objectives for the design of a battery. Most batteries use a liquid electrolyte that is 
contained in a sealed housing. Typical shapes are coin cells, cylindrical, or prismatic cells. A new class of batteries uses a solid 
state electrolyte instead and has been commercialized as thin film battery. Through the use of a solid electrolyte, the degree of 
freedom for the design of the battery is dramatically increased. Moreover, safety, cycling stability, and working temperature
range can be improved. Therefore, these types of batteries provide an interesting option for future self-powered devices. 
Materials and their impact on battery performance and manufacturing options for thin film solid state batteries are discussed.
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1. Introduction
Self-powering electronic devices are seen as key enabler for many wireless applications. Main advantage of such 
a system is that it can be designed as a maintenance-free system. Especially when such systems are used in a large 
quantity and/or these systems are difficult to access, maintenance-free operation may provide a big advantage by 
enabling a high degree of operational reliability and reducing maintenance costs.
In general, this can be achieved by two different strategies: Either the energy that can be supplied by the storage 
system exceeds the total energy needed throughout the life cycle of the device or the device itself is equipped with 
an energy harvesting device. In the latter case, the total supplied energy has to meet at least the demanded energy on 
a certain timescale. However, there is typically a mismatch between the supplied and demanded power, as both are 
in most cases non-constant. In such cases, a buffer is needed. For example, if a device that is powered by a solar 
cell, driven by natural solar radiation, should be continuously operated throughout the night, a storage device for 
operation during the night is needed.
When designing a self-powering device, the two components primary energy supply and energy buffer storage 
have to be scaled in a suitable way. Different objectives are possible for the scaling, such as minimizing space, 
mass, cost, safety versus power shortage, etc. The optimal system design will depend on the specific objective and 
can lead to very different designs.
Objective of this contribution is to describe the state-of-the-art of rechargeable lithium-ion batteries with focus on 
small-scale applications, where the size is strongly constrained. For given energy and power requirements, the 
storage device should be as small and light as possible. Adequate numbers to compare this are the power and energy 
with respect to mass and volume, as introduced in the following section 2.1. However, these numbers are affected by 
the scaling of the device. In general, miniaturization will lead to a decrease, as discussed in section 2.2 for 
rechargeable lithium-ion batteries. All-solid-state lithium-ion batteries in form of thin film batteries represent a new 
class of highly miniaturized batteries offering a number of unique features which are highlighted in section 2.3. 
Perspectives for the further development of this type through the use of new materials and manufacturing 
approaches are discussed in section 3.
2. Electrochemical Energy Storage Devices
2.1. Distinction of Energy Storage Devices
Electric energy storage devices can be distinguished between devices that directly store electric energy and 
devices where the energy is stored in another form and converted into electric energy. The former is the case for 
dielectric capacitors, the latter is used for example in fuel cells and batteries, where the energy is stored in chemical 
form and converted into electric energy through an electrochemical conversion.
Pure dielectric capacitors deliver very low specific energy (20mWh/kg) whereas electrochemical capacitors
achieve the highest energy density amongst capacitors, reaching about 5Wh/kg [1]. However, these values are still 
well below the specific energy of batteries (see Fig. 1). Fuel cells are generally not rechargeable and thus not further 
discussed here.
Key numbers to compare different devices are the amount of energy stored per mass and volume unit, denoted 
here as specific energy and energy density, respectively. When looking at the dynamics of the process, specific 
power and power density are of importance.
2.2. Rechargeable Lithium-Ion Batteries
A battery comprises at least two electrodes that are connected by an electrolyte. The working principle is based 
on the local separation of a redox reaction into reduction and oxidation reaction. Main functional part of the 
electrodes is the active material, which stores the chemical energy and is oxidized (anode or negative electrode) or 
reduced (cathode or positive electrode) during discharge. Prerequisite for a battery to be rechargeable is the 
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reversibility of these reactions. The theoretical specific energy of a given material combination is defined by the 
change of free energy of the overall reaction with respect to the mass of the active materials.
The practical specific energy that can be obtained with actual batteries is reduced due to the addition of 
electrochemically passive materials and overvoltage. Passive materials in this sense are for example current 
collectors, additives for electronic conductivity, housing, and electrolyte. Overvoltage includes both electronic and 
electrochemical losses and results in a reduction of the battery voltage during discharge, compared to the open 
circuit potential. The theoretical and typical practical specific energy of different battery technologies is shown in 
Fig. 1.
Fig. 1. Specific energy on cell level for different rechargeable batteries. Theoretical values are based on the change in Gibbs free energy with 
respect to the mass of active material, whereas practical values are derived from actual full cells. Lithium-ion batteries far outreach other battery 
technologies. Data taken from [2].
In order to obtain a high specific energy, the fraction of active material of the total mass should be maximized.  
However, an increase of the fraction of active material typically results in reduction of electronic conductivity of the 
electrodes and increase of electronic loss. Thus, specific energy and power are conflicting goals in the design of a 
battery and cannot be optimized simultaneously.
Lithium-ion batteries achieve the highest theoretical and practical energies, as shown in Fig. 1. It should be noted 
that the terminology only defines the working principle, where lithium ions function as a charge shuttle between the 
electrodes (“rocking-chair” principle). At the electrodes, lithium ions are stored in a host material via an 
intercalation or conversion reaction. During normal operation, lithium in metallic form is not present. The term 
“Lithium-ion battery” (LIB) is thus used for a number of different active material combinations.
Today graphitic carbon is the standard material for the negative electrode, whereas for positive electrodes 
different materials are used. Commonly used materials are for example lithium cobalt oxide (LiCoO2), lithium iron 
phosphate (LiFePO4), and lithium manganese oxide (LiMn2O4). The potential and specific charge of these materials 
differs and thus the theoretical specific energy depends on the used material. This is also reflected in Fig. 2, where 
the specific energies of batteries with different sizes are depicted. 
Commercial lithium ion batteries are manufactured in various shapes: cylindrical, prismatic with hard or soft 
container, and coin cells. In general, the specific energy on cell level depends on the cell size. For smaller cells, the 
fraction of housing and other passive components is increased and reduces the specific energy, see Fig. 2.
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Fig. 2. Specific energy on cell level for commercial lithium-ion batteries of different sizes. In small systems contribution of passive parts 
diminishes specific energy dramatically. Data taken from diverse datasheets.
Main function of the housing is to seal the components from the atmosphere. Especially the electrolyte is very 
sensitive to humidity. It consists of a lithium salt dissolved in an organic solvent. Most common lithium salt is LiPF6
and mixtures of ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) are usually used 
as solvents [3]. The lithium salt decomposes when in contact with moisture and forms hydrofluoric acid, which 
attacks the cell components resulting in degradation and also poses a threat to the environment [3]. Leakage of 
electrolyte also has to be avoided as the solvents are very volatile and have a low flash point. The chemical energy 
stored in the electrolyte dominates the heat release in case of a burning cell [4].
Shifting from liquid to solid state electrolytes is thus an interesting option. Through the complete elimination of 
liquid solvents, an intrinsically safe battery can be realized. Although lithium ion conducting solvent-free polymer
electrolytes have been described in the literature, it should be noted that batteries commonly called “lithium 
polymer” or “LiPo” usually still comprise a flammable solvent or plasticizer to improve ionic conductivity of the 
electrolyte.
2.3. All-Solid-State Lithium-Ion Batteries
Main challenge for solid electrolytes is the lowered ionic conductivity, compared to their liquid counterparts.
Besides high ionic conductivity, an electrolyte material also has to be an electronic insulator and in order to develop 
stable interfaces with the electrodes the materials also has to be electrochemically and chemically sufficiently stable.
One way to deal with the low ionic conductivity is reducing the thickness of the electrolyte. This can be achieved 
by application of physical vapor deposition (PVD) techniques for preparation of electrode and electrolyte as thin 
films. The principal layout is depicted in Fig. 3. Since PVD is generally restricted to line-of-sight deposition, only 
planar electrode designs can be realized. Also, the diffusion coefficient of lithium ions within the cathode active 
material is relatively low, and effectively limits the reasonable electrode thickness [5]. As an effect, the practical 
specific energy of such planar thin film batteries (TFB) is much lower than for coin cells or large format cells, as 
shown in Fig. 2.
Fig. 3. Principal layout of an all-solid-state thin film battery (TFB). Reprinted from [6], with permission from Elsevier.
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Nevertheless, TFB offer some interesting features that seem appealing especially for small-scale applications 
such as self-powering devices and have been or are about to be commercialized by several companies [7]. Main 
advantages are summarized in the following:
x Long cycle life: Parasitic side reactions as occurring at the negative electrode / electrolyte interface are 
suppressed and thus cycle life increased. Over 30,000 cycles are reported for TFBs [8].
x High rate capability: High capacities can be extracted also at increased current rates due to the low electrolyte 
thickness.
x Thermal stability during assembly process: Due to the absence of volatile liquid components, TFBs can withstand 
higher temperatures for example during solder reflow processing [9].
x Operating temperature: Temperature window is increased as electrolyte evaporation at high temperatures is 
suppressed and phase change at low temperatures does not occur.
x Most inorganic solid electrolytes enable use of high energy materials, such as lithium (dendrites are suppressed)
and high voltage cathodes.
x Bendable batteries through use of thin films transferred on suitable substrate [10].
x Flexible shape and direct integration on component surface.
In Table 1 technical data of a coin cell (liquid electrolyte) and a thin film battery (solid electrolyte) of comparable 
size are compared. Furthermore in Fig. 4 power and energy density of these cells are compared.
                         Table 1. Technical data of a thin film battery and a coin cell, according to manufacturer’s datasheets.
Battery Type Coin cell Thin film battery
Manufacturer / Name Panasonic 
ML621
Infinite Power Solutions 
MEC201-7S
Size (without connector tabs) Ø 6.8mm x 2.1mm 25.4mm x 25.4mm x 0.17mm
Volume 78mm³ 110mm³
Weight 0.23g 0.4g
Nominal Voltage / Capacity / Current 3V / 5mAh / 0.012mA 3.9V / 0.7mAh / 0.35mA
Nominal   - Specific Energy





Cycle Life at 10% Depth of Discharge 1,000 100,000
As shown in Table 1, the nominal specific energy of the coin cell is much higher than for a thin film battery. 
However, from Fig. 4 it becomes obvious, that the thin film battery provides significantly more energy at high 
power, whereas the coin cell delivers higher energy at low power. Thus, the so-called rate capability of the thin film 
battery is much higher.
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Fig. 4. Experimental data for specific energy and power (Ragone plot) for the batteries from Table 1. Dotted lines indicate the discharge time for 
given energy/power ratios. Tests were performed in constant current discharge mode at room temperature. The thin film battery is better suited 
for high-power applications with discharge time below ca. 1h.
The relative numbers given here are calculated with respect to the full mass and volume of the battery cell as 
stand-alone system. For example, the housing of the cell is thus included. In the design of a miniaturized intelligent 
system, it would be favorable to directly integrate the battery in the structure. This would enable omit of a separate 
substrate and decrease mass and volume of the system. However, this approach seems only viable in case of solid-
state batteries.
3. Perspectives of Solid-state Batteries
As outlined in the previous section, all-solid state batteries enable significant advantages over liquid electrolyte 
cells. However, main challenge is the limited electrolyte conductivity. Efforts to increase energy density of all-solid 
state batteries can be distinguished between material and design aspects and are discussed in more detail in the 
following.
3.1. Material Aspects
The active materials that can be used in solid-state lithium-ion batteries (LIB) are the same as used in 
conventional LIBs. Regarding materials, the main difference is the electrolyte, which is therefore highlighted in the 
following. As outlined before, solid electrolytes have many advantages but ionic conductivity typically is much 
lower. For example, state-of-the art liquid electrolytes have a room temperature ionic conductivity of ʍionic§-2S/cm 
[3] whereas for LiPON, the standard solid electrolyte for thin film batteries, it is about four times lower (ʍionic§10-
6S/cm) [6].
It should be noted that for liquid electrolytes the ionic conductivity is the sum of anionic and cationic
conductivity whereas in crystalline inorganic solid state electrolytes the ionic conductivity usually is solely cationic 
conductivity. As for lithium-ion batteries only the transport of cations is of interest, the given total conductivities 
cannot be exactly compared.
Besides solid inorganic electrolytes also solid polymeric electrolytes have been extensively researched [11].
However, solid polymer electrolytes suffer from a low ionic conductivity and high anion mobility (compared to 
inorganic materials) and are thus not further discussed in the following.
Metallic lithium as active material for the negative electrode offers by definition the highest specific capacity and 
energy. It is currently not used in LIBs with liquid electrolyte, as the reversibility of the re-plating process during 
charge of the battery is poor. The reversibility of the lithium electrode can be improved substantially by the use of a 
rigid solid electrolyte.
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Different materials for inorganic solid-state electrolytes, such as NASICON-type structures (e.g. LiTi2-xAlx(PO4)3
[12]), and LixLayTiO3 (LLTO) with perovskite structure were investigated and published in the literature [13].
Unfortunately both materials are unstable against elementary lithium anode. The Ti4+ within the structure is reduced 
to Ti3+, which leads to an increase in electronic conductivity [13] and limits their application in an all-solid-state 
battery. Furthermore, in case of LixLayTiO3, the high grain boundary resistance complicates its use [14].
Other materials such as different sulfides [15] or LISICON-type materials (e.g. Li14Zn(GeO4)4 [16]) possess a fair 
to good ionic conductivity but are not stable under atmosphere and require complex synthesis techniques, which are 
the main drawbacks.
In contrast, so called garnet related or stuffed garnet structures represent a promising material family. The first 
materials discovered with high lithium conductivity and garnet-like structure were Li5La3Ta2O12 and Li5La3Nb2O12
[17]. Further research revealed a material with the commonly used sum formula Li7La3Zr2O12 [18] as one of the 
most promising materials for application as electrolyte in an all-solid-state batteries. The material is stable against 
metallic lithium anode [19] and there are no considerable physico-chemical changes of the material if exposed to air, 
making processing and handling during synthesis quite easy. Lithium ionic conductivity as high as ʍionic§10-4 S/cm 
can be realized and bulk conductivity and total ionic conductivity (sum of bulk and grain boundary ionic 
conductivity) of the same order of magnitude have been reported. [18] The compound can be obtained via solid state 
reaction [18, 20, 21] or wet chemical synthesis routes [19, 22, 23]. A drawback of this material is the existence of 
the two different crystal phases with significant difference in lithium ion conductivity. The high temperature stable 
cubic phase has high lithium ionic conductivity [18], whereas the tetragonal phase [21] has poor ionic conductivity. 
In order to stabilize the cubic structure the parent compound can be doped with different elements, such as 
aluminium [20, 24], gallium [19] or tantalum [25].
3.2. Design and Manufacturing Aspects
As described in the previous section, the energy density of a battery in a thin film layout is limited. Thus, 
different approaches have been pursued to increase it by employing structured surfaces, resulting in 3D-solid state 
batteries. Different types of proposed designs are shown in Fig. 5.
Fig. 5. Examples of prospective 3-D architectures for 3D batteries: (a) array of interdigitated cylindrical cathodes and anodes; (b) interdigitated 
plate array of cathodes and anodes; (c) rod array of cylindrical anodes coated with a thin layer of ion-conducting dielectric (electrolyte) with the 
remaining free volume filled with the cathode material; (d) aperiodic “sponge” architectures in which the solid network of the sponge serves as 
the charge insertion cathode, which is coated with an ultrathin layer of ion-conducting dielectric (electrolyte), and the remaining free volume is 
filled with an interpenetrating, continuous anode. Adapted with permission from [26]. Copyright 2004 American Chemical Society.
255 Felix Andre et al. /  Procedia Technology  15 ( 2014 )  248 – 257 
Most designs for 3D batteries that are discussed in the literature follow one of the principles shown in Fig. 5.
However, different strategies to obtain such designs have been pursued. For example, in [27] a Si wafer is structured 
by reactive ion etching to obtain trenches. Another example is given in [28], where structured microchannel plates 
are used. Sequential deposition of layers on such structured substrates is a challenging task. Especially conformal 
deposition of solid electrolyte layers on 3D structures is seldom described. In publications dealing with the 
manufacture of 3D structured electrodes, electrochemical tests of 3D electrodes are usually performed in 
combination with a liquid electrolyte [27–31].
The behavior of magnetron sputtered electrolyte on structured surfaces is described in [32] for LiPON electrolyte. 
Although it was possible to deposit a thin layer on partly shadowed areas, the deposition rate was very low and 
conformal deposition into groves was not possible. Furthermore, the chemical composition of the deposited layer 
depended on the position and resulted in position-dependent conductivity.
A different, rather simple, approach to develop 3D all-solid-state batteries is to develop a structure analog to 
conventional lithium-ion batteries. In case of liquid electrolyte lithium-ion batteries, the electrodes are formed by a 
porous active layer that consists of active material, binder, and conductive additive. The interface to the liquid 
electrolyte is then easily formed by infiltration of the porous structure. In case of a solid electrolyte, three main 
challenges arise. The first is to form a 3D interface by sufficient penetration of the electrolyte phase, second is to 
obtain dense structures, and third is to avoid undesirable side-reactions and resulting passivation layers between 
active material and electrolyte during processing. In order to be able to limit ionic resistance in the electrodes to a 
tolerable extent, an electrolyte with high conductivity is essential.
One approach towards monolithic composite cells was described by preparing a composite of perovskite-type 
LLTO electrolyte with Li4Ti5O12 (LTO) as active material and Ag as conductive additive. A composite electrode 
was prepared by mixing and sintering. A 0.1mm thick electrode was obtained and it was possible to exploit the 
theoretical capacity of LTO at low rates [33].
Spark-plasma-sintering (SPS) is an interesting alternative sintering technique, which could help to reduce 
interfacial reactions by providing short sintering times. Monolithic cells prepared by SPS have first been described 
for phosphate compounds [34, 35], see Fig. 6, and delivered high capacity per area. Recently, this technique was 
also employed for a garnet-like oxide electrolyte and LTO [36].
Fig. 6. SPS processed monolithic battery with composite electrodes in schematic view (a) and SEM cross-section (b). Adapted from [34] with 
permission of Wiley.
4. Summary
The different technologies discussed in this article are summarized and compared in Table 2.
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Table 2. Summary and comparison of the main properties of the different technologies discussed in this article. 
-: weak, 0: moderate, +: good
Battery Technology Conventional LIB Thin film 3D Monolithic 
Electrolyte type Liquid Solid Solid Solid
Commercial availability + 0 - -
High temperature (>60°C) safety - + + +
Complexity of manufacturing + 0 - +
Possibility of miniaturization - + 0 0
Specific power / power density 0 + - -
Specific energy / energy density + - + +
Possibility for structural integration - + + +
Flexibility / bendability - + - -
Conventional lithium-ion batteries are the benchmark in terms of specific energy and energy density but offer 
only limited possibilities for miniaturization due to the requirements on the cell housing. These cells are 
commercially available from a large number of manufacturers and suppliers. Main drawback from today’s 
technology is the poor safety caused by the highly flammable liquid electrolyte.
By using inflammable solid electrolytes, cell casings could become thinner and lighter and thus increase the 
specific energy of small-scale systems. Also, the safety would be improved significantly. Besides these advantages, 
an interesting additional benefit may arise from the mechanical stability when used as structural component. For 
example, for micro-air vehicles liquid electrolyte pouch-type batteries have been incorporated into the wings [37]. 
With mechanically more stable all-solid-state batteries, a further functional integration towards “structural batteries” 
would be enabled.
Thin film batteries are favorable for miniaturization and can be bendable, but only offer reduced energy while 
delivering high power. First models have become commercially available recently (ca. 2-3 years) from a limited 
number of manufacturers. 
For the design of high-capacity all-solid-state batteries new structural designs with high material loading per area, 
as well as well-defined, stable, and large interfaces are needed. Among the recently described inorganic solid-state 
electrolytes, mainly garnet-like structures possess high ionic conductivity and chemical stability and have are thus 
favored for new all-solid-state systems. 
3D structured designs have been proposed but fell short of application mainly due to problems with conformal 
coating of an electrolyte layer. Thus, 3D structured all-solid-state batteries are yet in the status of research and are 
expected to deliver more energy compared to their thin film counterparts at the expense of power, flexibility, and 
complexity of manufacturing. Monolithic all-solid-state batteries are researched in expectance of reduced 
manufacturing complexity. Through this route, mechanically stable high energy batteries can be realized, while 
keeping manufacturing costs low. 
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